NEUROSCIENCE

Imprinting in the brain
A gene is considered to be imprinted if only the copy inherited from the mother or from the father is expressed throughout life. But one imprinted gene, Dlk1, disobeys this rule during postnatal neurodevelopment. See Letter p.381
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I n the adult mammalian brain, neural stem cells continually give rise to new neurons. There is hope, therefore, that these cells might also be of use for treating brain injuries and neurological disorders. Although the molecular signals that establish and maintain neural stem cells are starting to be understood 1, 2 , the roles of genetic determinants and environmental cues in these processes remain largely mysterious. On page 381 of this issue, Ferrón and colleagues 3 show how one gene, Dlk1, is necessary for regulating the numbers of mouse neural stem cells soon after birth and in adulthood.
Multicellular organisms inherit equivalent complements of maternal and paternal chromosomes. Nonetheless, the expression of genes from either the maternal or the paternal copy of a chromosome can be regulated by DNA methylation and post-translational modification of the DNA-associated histone proteins in a heritable process called genomic imprinting 4 . In the brain, more than 1,300 transcripts are imprinted [5] [6] [7] -a feature that is remarkably distinct from other tissue-specific expression profiles and indicates the brain's particular sensitivity to imprinting. Dlk1, which also has roles in the regulation of fat tissue, blood cells and skeletal-muscle development, is one such imprinted gene in the mouse brain, as only its paternally inherited copy is expressed 8 . Given the significance of imprinted genes in the nervous system, Ferrón et al. 3 investigated the role of Dlk1 in embryonic, postnatal and adult mouse neurogenesis in the subventricular zone (SVZ) of the lateral ventricles. The SVZ is one of two discrete regions in the adult brain where neurogenesis occurs, the other being the subgranular zone in the dentate gyrus of the hippocampus -a structure implicated in learning and memory.
In neurogenic areas, the authors detected Dlk1 expression both in mouse embryos and after birth, with levels peaking at postnatal day seven (P7) -a transition period between the development of the embryonic and the mature SVZ. However, whereas mice lacking Dlk1
Although the paternal copy of Dlk1 is typically the one expressed, mice harbouring the non-functional Dlk1 copy of either maternal or paternal origin developed the neurogenic phenotypes observed in mice lacking both copies of the gene. In search of an explanation for this, the authors demonstrate that, as expected, differentiated neurons in nonneurogenic tissues expressed the paternal copy of Dlk1. However, NSCs and their niche astrocytes -cells that are similar to NSCs and are found in the NSC microenvironmentexpressed both the maternal and paternal copies of Dlk1 in P7 and adult animals (Fig. 1 ). An absence of imprinting in the neurogenic niche is a novel and unexpected concept, because it underscores an underappreciated functional link between epigenetic regulation, in the form of gene imprinting (and the removal thereof), and developmental events such as adult NSC homeostasis.
The precise function of Dlk1 during neurogenesis remains unclear, but Ferrón and colleagues provide some early clues. The DLK1 protein comes in two forms: secreted and membrane-bound. Whereas niche astrocytes preferentially express secreted DLK1, NSCs predominantly express the membrane-bound isoform 3 . Significantly, loss of membranebound DLK1 from NSCs attenuates neurosphere formation in response to soluble DLK1, suggesting that secreted DLK1 stimulates the membrane-bound isoform in NSCs. Previous studies intimated 10 that DLK1 can bind to itself and activate a signal-transduction cascade that is independent of Notch signalling -the pathway in which DLK1 is thought to function. The nature of these alternative signalling cascades is tentative. But at least stem-cell biologists can now differentiate NSCs and niche astrocytes using two additional markers -membranebound and secreted DLK1. This paper 3 raises many intriguing questions concerning the role of genomic imprinting and gene dosage during neurogenesis, as well as the potential mechanisms that regulate imprinting within a single organ. For example, do the same principles that underlie regulation of NSC development in the SVZ apply to the subgranular zone? And, if so, does Dlk1 loss (Dlk1 -/-mice) showed no major differences in the number of proliferating cells in their brains' germinal regions at embryonic stages, at P7 they had more proliferating neural stem cells (NSCs) compared with normal mice. Notably, the authors also observed more proliferating NSCs at P7 in mice carrying a non-functional Dlk1 copy of either maternal or paternal origin -a finding that suggests that imprinting is irrelevant in postnatal neurogenesis.
In the adult brain, loss of Dlk1 was also associated with a precipitous decline in the number of NSCs and fewer neurons migrating from the SVZ towards their final destination (the olfactory bulb). These results indicate that disruption of NSC quiescence at early postnatal stages leads to their depletion -and so to depletion of neurons arising from them -in the adult brain.
When stem cells harvested from the brain are maintained in tissue culture, they form spherical clusters called neurospheres 9 . To examine the mechanism by which Dlk1 might affect NSC maintenance, Ferrón et al. examined whether the neurosphere yield is different between normal and Dlk1 -/-mice. Consistent with their in vivo data, they observed a transient increase, followed by a decline, in the number of primary neurospheres from the mutant SVZ tissue over time. This result supports the hypothesis that a neurogenic continuum is created at an early postnatal period and is maintained throughout life. affect learning and memory? Studies involving tissue-specific and developmental-stagespecific loss of Dlk1 function, as well as behavioural tests, should provide further evidence to support the current study.
More broadly, genomic imprinting serves as an important interface between environment and genes in mature tissues. Determining how Dlk1 and other imprinted genes operate in concert with signalling cues, as well as discovering the factors that initiate and maintain differential methylation at the genomic region housing Dlk1, will lead to a better understanding of adult neurogenesis and brain development. Such knowledge will also inform emerging hypotheses about the role of trans-generational effects (or of their absence in particular processes), in which DNA and histone modifications in the ancestral genetic material affect the phenotypes of subsequent generations 11 . 
The lessons of Tohoku-Oki
An exceptional data set documents surface deformation before, during and after the earthquake that struck northeastern Japan in March 2011. But models for assessing seismic and tsunami hazard remain inadequate. See Letter p.373 J E A N -P H I L I P P E AVO U AC E arthquake science has entered a new era with the development of space-based technologies to measure surface deformation at the boundaries of tectonic plates and large faults. Japan has been at the forefront in implementing these technologies, in particular with the deployment some 15 years ago of a network of continuously recording Global Positioning System (GPS) stations known as GeoNet. Papers analysing the data associated with the devastating Tohoku-Oki earthquake of 11 March 2011 are now appearing. One of these, by Ozawa et al. 1 , is published on page 373* of this issue. With a moment magnitude (M w ) of 9.0, the Tohoku-Oki earthquake ranks among the largest ever recorded. The data collected at the GeoNet stations 1 indicate that it resulted from the sudden slip of a remarkably compact area (400 kilometres long by 200 kilometres wide) of the plate interface where the Pacific plate slides beneath the Okhotsk plate, on which northern Japan lies. The rupture area (Fig. 1) lies off the coastline of Honshu, Japan's biggest island, and extends east nearly all the way to the Japan trench -hence the particularly devastating tsunami produced by the earthquake.
Other new papers 2,3 provide further information. A combination 2 of GPS measurements and underwater acoustic sounding shows that the sea bottom in the epicentral area moved seaward by as much as 24 metres and was uplifted by about 3 metres. Therefore, slip along the plate interface at depth must have exceeded the 27-metre peak slip inferred from the GeoNet data 1 ; it may have been even more than 50 metres, as suggested from the joint modelling 3 of the GeoNet data and sea-bottom pressure records of the tsunami waves. For comparison, this is about twice the peak slip determined for the giant earthquakes in Sumatra in 2004 (M w 9.4) and in Chile in 2010 (M w 9.0) -and larger than that estimated for the biggest earthquake ever recorded 4 , the M w -9.5 event of 1960, which ruptured more than 1,000 km of the plate boundary off the coast of southern Chile.
Over the 15 years preceding the 2011 event, the GeoNet data 5 had revealed the slow accumulation of strain across Honshu, with the Pacific plate squeezing and dragging down the eastern edge of Honshu. We know, however, that the coast of Honshu is being uplifted in the long term, so a significant fraction of that 'interseismic' strain -strain accumulating between earthquakes -must be compensated by sudden episodes of uplift. The current model holds that interseismic strain on the upper plate is purely elastic, and is 'recovered' during seismic rupture of the plate interface, so that in the long run the upper plate does not deform 6 . This assumption provides a rationale to relate slip on the plate interface to interseismic strain on the upper plate. Where the plate interface is creeping, strain on the upper plate is negligible; but where the plate interface is locked, the upper plate is compressed and dragged down, building up elastic strain until it is released when the locked patches slip.
Several earlier studies adopted this assumption 5, 7, 8 and found that the measured strain *This article and the paper under discussion 1 were published online on 15 June 2011. 1 shows that the rupture area and distribution of slip (represented by the black contour lines) roughly coincide with a patch of the plate interface that had remained locked over the preceding decades 8 (coloured area east of Sendai). The earthquake source was extremely compact and produced very large slip at relatively shallow depth (less than 20 km depth), hence the devastating tsunami. The other well-locked patch in the north coincides with rupture areas of large historical earthquakes (in particular, the M w -8.5 Sanriku earthquake of 1896 and the M w -8.2 Tokachi-Oki earthquake of 1968). 
